Abstract-Existing
I. INTRODUCTION
Three decades ago, reversible digital circuits were as mysterious and attractive as qubit circuits nowadays [1] , [2] .
Since then some reversible circuits evolved into adiabatic circuits that successfully compete with energy-efficient SFQ circuit families [3] . Unfortunately, the numerically estimated energy dissipation of modern adiabatic circuits (~200 ) is too high in comparison with the thermodynamic threshold energy
Besides, the measurement of energy dissipation in ACbiased circuits is quite complicated because of the unavoidable energy loss in the clock wiring connecting a room-temperature AC generator with the circuit at LHe temperature. These losses should also be small compared to (1) and this problem needs to be solved for true reversibility.
We believe that an experimental verification of energy dissipation in reversible circuits is fundamentally important. For example, let us imagine that we were able to reduce the energy dissipation to below, say 10
. Such vanishingly low energy dissipation would imply a strong isolation of the device from a thermal bath. Therefore, we can expect that the device would behave as a quantum rather than classical object. Hence, an aggressive reduction of energy dissipation in reversible circuits could be the shortest way to quantum computing.
As the first step, we figured out how to make a DC-biased reversible circuitry [4] . We invented a Josephson junction based DC/AC converter and integrated it with the reversible circuitry. To be useful for reversible circuits, the energy dissipation in the converter should also be below (1) . First experiments with the standalone DC/AC converter have been carried out [5] . Since then, the fabrication technology [6] and our design skills have been substantially improved.
II. DC/AC CONVERTER
Our DC/AC converter contains a ring oscillator composed of 256 Josephson junctions. The junctions are organized into sections shown in Fig. 1 . For correct operation of the converter, the ring should be densely packed with Josephson vortices. In this case, magnetic field is uniformly distributed, and the phase difference of the wave functions grows linearly along the ring:
where V is the DC voltage across the ring. Phase shift k is defined by the number of vortices n injected into the loop via a flux pump [5] . Current
flowing via m-th Josephson junction and its "payload" Lj models one phase of a multi-phase AC clock for nSQUID based reversible circuitry.
(a) (b) The widths of inductors and the power line are 2 µm; the distance between the individal JJs is 30 µm; the total ring length is about 7.7 mm. Dimensionless inductances are = 0.33, = 0.08. A "digital" flux pump, not shown, allowed us to change the number of injected vortices, n. The circuits were fabricated at MIT Lincoln Laboratory using its 4-Nb-layer superconductor electronics fabrication process SFQ3ee.
III. PROPERTIES OF LONG JOSEPHSON JUNCTION RING
The current-voltage (I-V) characteristics of a long circular Josephson junction are shown in Fig. 2 . We measured I-V characteristics at all unique numbers of injected vortices n corresponding to the first Brillouin zone. In particular, we observed that the curves for n and 256-n vortices practically coincide. Presented experimental results could be of interest to the academic community because our circuit is a discreteelement version of a very popular long Josephson junctions; see, e.g., [7] - [9] as a few most relevant papers among many.
The shown set of current-voltage curves has several unique features. We believe that we have set a record for the range of injected vortices. More importantly, we set a record for the contrast, i.e., the ratio of critical currents without and with injected vortices. Current-voltage characteristics of the circuit at various numbers of injected vortices, from 0 to 256.
As we mentioned earlier, the target critical current of one junction was 20 µA. The measured critical current was slightly larger; about 25 µA. Fig. 3 shows the normalized (per one junction) measured critical current of the ring. One induced vortex reduces the normalized critical current down to ~1.1 µA. At larger number of vortices the critical current could be as low as 0.1 µA. So the contrast ranges from 25 to 250. Unfortunately, even the lowest normalized critical current is five times larger than the thermal current corresponding to the thermodynamic threshold (1) Ith = Eth/Φ0 ≈ 0.02 µA.
IV. BENCHMARK TEST
The measured critical currents and energy dissipation (per 2π-phase rotation per junction) of the DC/AC converter were still above the thermodynamic threshold. This could be a result of nonuniformities of the circuit components, e.g., spread of their parameters causing pinning of Josephson vortices [8] , [9] .
Normalized critical currents shown in Fig. 3 provide information about the spread of critical currents. Ideal uniform long Josephson junctions should have zero critical currents, i.e., zero static friction for vortex motion. The discreteness of the circuit is the first factor that should be taken into account. Our analytical [10] and numerical [5] calculations showed that this factor accurately explains the spikes at one vortex per Josephson junction (see Fig. 2 ) and per two Josephson junctions (see Figs. 2 and 3) . However, this discreteness alone is not sufficient to an accurate match other data shown in Fig. 3 . A much better match have been achieved when a random normally distributed spread of critical currents of the Josephson junctions has been included into our numerical calculations. The best fit with the data in Fig. 3 has been achieved at the simulation with 3.5% or 0.88 µA 1σ spread of critical currents. Such spread is reasonably well matched with other observed spread figures [6] .
A straightforward interpretation of numerical simulations of circuits with randomly modified parameters could be quite confusing. For example, simulated critical currents of the circuit for one set of random critical currents of Josephson junctions could be 2 × larger or be only a half of the critical currents of the circuit for another set of critical currents of Josephson junctions. Repetitions of numerical simulations with different sets of random critical currents of Josephson junctions is required to estimate the range of critical currents of the ring. We think that it could be possible to find a proper set of critical currents of Josephson junction that would exactly match all measured critical currents shown in Fig. 3 . However, such "back-engineering" would be a time consuming task.
V. CONCLUSION
We have investigated a ring oscillator based on a long circular Josephson junction made of discrete components -256 small Josephson junctions and inductors. The measured critical current and the energy dissipation in the circuit are about 5× larger than the thermodynamic threshold for applications as a multi-phase clock source in reversible circuits. The circuit served also as a technological benchmark test that allowed us to extract 1σ spreads of the critical currents of comprising junctions, about 0.88 μA or 3.5%, and thereby improve understanding of the effects of fabrication-related spreads on circuit performance. The progress in fabrication and circuit design relative to [5] can be characterized by about a factor of two higher contrasts of critical currents of the ring without and with vortices demonstrated in this work.
